A nanoscale thermal anemometry probe (NSTAP) has been developed to measure instantaneous fluid velocity at ultra-small scales. The sensing length of the current probe (∼60 µm) is and order of magnitude smaller than presently available commercial hot-wire anemometer probes (TSI Inc, Dantec Inc). The sensing element is a freestanding nanowire 100 nm × 1µm × 60 µm suspended between two current-carrying contacts. The probe is constructed using standard semiconductor and microelectromechanical systems manufacturing methods. The increased surface area to volume ratio of the metallic nanowire in comparison to conventional probes yields a device that not only has a higher spatial resolution but is also more sensitive and rapid in its response to changing flows. 
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I. Introduction
A nanoscale thermal anemometry probe (NSTAP) has been designed and developed to measure instantaneous fluctuating velocities at ultra-small scales. The operating principle of the NSTAP is the same as that used in current thermal anemometry.
1 Using a simple electronic circuit (e.g. a voltage divider) an electric current (∼mA) is passed through a small wire heating it above the ambient fluid temperature. As the fluid flows over the wire, the convective heat transfer from the wire to the fluid cools the wire, which changes its resistance. This resistance change is monitored with an electronic circuit which provides an electric signal that is a function of the flow velocity. Once the anemometer is calibrated, it can be used to measure the velocity of the surrounding fluid.
Ligrani and Bradshaw 2, 3 have used conventional hot-wire construction techniques to make small wires, while others 4-7 have incorporated other microelectromechanical manufacturing techniques. Such approaches have been successfully used to measure turbulent flows; however, none are capable of studying ultra-smallscale turbulence. With a sensing element two orders of magnitude smaller than current commercial technology, the spatial and temporal resolution of the NSTAP greatly exceeds existing commercial hot-wire anemometers. These new probes have measuring lengths less than ∼ 20 µm and widths less than ∼ 100 nm. For comparison, conventional hot-wire probes typically have a physical measuring length of ∼ 1 mm and a diameter of 5 µm. 
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The probe has been developed to study the statistical and structural nature of ultra-small-scale turbulence, specifically at high Reynolds numbers. The Reynolds number, representing the ratio of the largest to smallest scales in the flow, is the most significant non-dimensional parameter of turbulent flow. Many practical flows, such as the flow over a large vehicle, or the flow in the earth's atmosphere, are characterized by very high Reynolds numbers. The effect of the Reynolds number on these flows must be understood if we are to understand the physics of the flow as a whole.
As an example, ongoing work at Princeton has shown that it is possible to reach very high Reynolds numbers in a laboratory-sized facility by using high-pressure air as the working fluid. For instance, the Princeton/ONR Superpipe operates at pressures up to 3,500 psi, increasing the density by factors up to 240 over its ambient value. This approach yields pipe flow Reynolds numbers up to 38×10
6 . However, while these facilities allow for high Reynolds number testing in a laboratory setting, the major disadvantage of any high Reynolds number laboratory facility is the inability of conventional instrumentation to resolve the smallest turbulent energy-containing scales. With a fixed outer-scale of the flow (boundary layer thickness or pipe radius), an increase in Reynolds numbers necessarily means a decrease in the physical size of the smallest scales of turbulence. For example, at the highest Reynolds numbers obtained in the Superpipe, the ratio of the size of the largest-scale motions to the smallest-scale motions is of the order of 10
6 . This means that the smallest eddies are of micron size. In the study of turbulence structure, it is essential to determine the characteristics of such small scale motions accurately, which presents a considerable experimental challenge requiring an extremely small and fast probe. The NSTAP will enable the accurate measurement of such small-scale turbulent phenomena by using innovative micromachining technology and will allow small-scale facilities to open up an entirely new frontier in the study of high-Reynolds-number turbulent flow. Using the NSTAP, spatially and temporally resolved turbulence data could be obtained at Reynolds numbers matching the flow over a commercial aircraft and in large pipe lines. These results will lead to more accurate predictions of the behavior of such technologically important flows.
Note that while the immediate use for the NSTAP is the study of small-scale turbulence, the construction of a freestanding nanowire with aerodynamic supports has many other uses. For instance, nanowires have been used as nanosensors for biological and chemical species 8 and as nanoscale interconnects, 9 and other researchers suggest that the many uses of nanowires are limited only by ones imagination.
10 Furthermore, with the growing field of micro-fluidics devices, 11 sensors such as the NSTAP could provide a complementary analysis to existing instrumentation such as micro-PIV.
II. Construction
The main design concept for the NSTAP consists of using standard semiconductor and microelectromechanical systems manufacturing techniques to produce a freestanding nanowire between two electrically conducting support posts. The fabrication procedure is divided into four main processes: The steps in the manufacturing process are shown in figure 2. We start by growing a ∼ 500 nm thick layer of SiO 2 using wet thermal oxidation. The oxide provides an insulating layer between the metal and the silicon substrate. In addition, the oxide layer performs the important duty of supporting the metal nanowire during processing prior to device activation. Standard optical lithographic techniques are used to pattern the probe on top of the oxide (front-side).
An electron beam evaporator is used to deposit a 10 nm layer of titanium on the front side of the wafer (to promote adhesion) followed by a 100 nm thick layer of platinum (note, this thickness of the platinum is the thickness of the nanowire perpendicular to the flow). After deposition, the unwanted platinum is lifted off using a solution of PRS-1000 at 100
• C. The deposited film is thermally annealed to remove any intrinsic stresses generated in the film through the deposition process. The patterned probe looking from the top side of the wafer is shown in figure 3 . The probe consists of two 5 × 1 mm contact pads narrowing at the front of the probe (to reduce the aerodynamic interference) to a 0.1 µm × 1 µm × 60 µm wire. A focused ion beam can then be used to mill the patterned wire down to the desired sensing length. The amount of milling performed determines the length and depth of the nanowire (the sensing element of the probe). For the current generation of probes, the nanowire has been milled to 0.1 µm × 0.1 µm × 20 µm. We expect to construct smaller wires in the future. The stubs between the wire and the probe pads are used to thermally separate the hot wire from the relatively large probe contact pads. 12 The next step, which we are currently working on, is to use precision laser micromachining to remove the probes from the wafer and to produce an aerodynamic sensor. The SiO 2 holding the nanowire is then removed from between the probe pads and below the wire using a front-side dry reactive-ion etch of CH 4 and of H 2 . Then the Si between the probe pads is removed using SF 6 and O 2 . Upon completion, we have a freestanding wire (0.1 µm × 1.0 µm × 60 µm).
III. Operation
Once the probe is constructed it can be used in a standard constant-temperature anemometer or in a constant-current anemometer bridge circuits. 13 For the results presented here, a 0.1 µm × 1 µm × 60 µm freestanding wire ( figure 1 d) is operated with the simple bridge circuit shown in figure 4 . Note, as shown in Figure 3 . Picture of the NSTAP on front side of wafer at step (d) in figure 2 . The sensing element (located at the right edge of the probe) is not visible in this view. figure 1 d) , that the test wire is not at the immediate end of the probe. That is, ∼100 µm of the remaining Si protrudes out alongside of the freestanding wire. While this wire is not expected to give accurate quantitative flow measurements it is used to test the qualitative response of the wire to fluctuating velocities. The current-voltage characteristic curve from the NSTAP and a conventional hot wire operated with the same circuit are shown in figure 5 . The conventional hot-wire has a sensor diameter of 5 µm and a sensor length of 1 mm. Qualitatively, the trends are similar, with the NSTAP having only a slightly smaller change in resistance with changing voltage across the wire.
The static response of the wire to a varying flow up to ∼ 25 m/s is shown in figure 6 . For all data shown here the wires are operated at an overheat ratio of 1.18. The NSTAP is seen to respond similarly to a conventional hot-wire. Figure 7 shows the power spectral densities of the NSTAP as well as a conventional hot wire operated with the test circuit in figure 4 and the hot wire operated with a commercial constanttemperature anemometer. Qualitatively, the NSTAP is seen to have a broader dynamic response than the larger conventional hot wire when operated with the same circuit.
IV. Conclusions
Standard semiconductor processing techniques have been used to construct a freestanding 0.1 µm × 1 µm × 60 µm platinum wire. The wire has been operated with a constant current bridge circuit at an overheat ratio of 1.18 and was found to have a similar response to the flow as a conventional wire operated with the same circuit. The wire was also placed in a turbulent flow and was found to have a broader response than it's conventional counterpart. From these tests the current construction procedures seem promising and work has begun on the next generation of probes. The next step in the probe development is to use precision laser micromachining to remove the bulk silicon from underneath and along side of the probe resulting in an aerodynamic structure. Figure 7 . Example power spectral density of the NSTAP, a conventional hot wire operated with the test circuit in figure 4 , and the hot wire operated with a commercial constant-temperature anemometer.
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